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A  Spatial  Technique  for  Reducing  Phase 
Errors  in  Automated  Swept-Angle 
Bistatic  Scattering  Measurements 


1.  INTRODUCTION 

Tliis  report  describes  and  examines  a  spatial  filtering  technique  for  reducing  phase  errors  in 
measured  electromagnetic  swept-angle  bistatic  scattering  data. 

Measuring  the  coherent  narrow-band  plane-wave  scattering  pattern  of  a  low  radar  cross 
section  (RCS)  target  like  a  cone  sphere,  as  a  continuous  function  of  bistatic  angle,  is  difficult 
because  the  direct  coupling  between  the  transmit  and  receive  antennas  often  dominates  the  total 
field  over  a  wide  range  of  bistatic  angles.  The  experimental  technique  requires  measuring  the 
amplitude  and  phase  of  the  electric  field  with  and  without  the  target.  Subtracting  the  field 
without  the  target  (background  field)  from  the  field  with  the  target  leaves  the  measured  scattered 
field  of  the  target,  provided  the  multiple  interactions  between  the  target  and  its  surroundings  are 
negligible.  The  accuracy  of  the  measured  scattered  field  is  directly  related  to  the  relative 
intensities  of  the  background  and  target  scattered  fields.  If  the  target  scattered  field  is  small 
relative  to  the  background,  gross  errors  in  the  measured  target  RCS  arise  from  small  phase  errors 
in  the  background  field  when  the  background  field  is  subtracted  from  the  total  field  to  obtain  the 
measured  target  RCS.  For  a  10  dB  background -to- target  ratio,  a  5  degree  phase  error  in  the 
measured  background  produces  a  90  percent  error  in  the  amplitude  of  the  measured  electric  field 
scattered  by  the  target.  This  error  shows  up  as  high-frequency  variations  in  the  measured  target 
scattering  pattern.  We  show  that  this  prohibitive  error  can  be  minimized  by  filtering  the  data  and 
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applying  the  natural  k(a  +  X)1  spatial  frequency  band  limit  common  to  ordinary  radiating  objects. 
The  bandlimited  filtering  has  allowed  the  accurate  automated  measurement  of  bistatic  scattering 
from  targets  with  regions  of  low  RCS. 


2.  OBTAINING  THE  DATA 

The  measurement  geometry  used  is  sketched  in  Figure  1 .  The  transmitting  antenna  is 
located  along  the  z-axis  sufficiently  far  from  the  origin  to  ensure  that  the  incident  spherical  wave 
has  a  nearly  planar  phase  front  over  the  region  occupied  by  the  target.  The  receiving  probe  can 
be  moved  along  a  circle  centered  at  the  origin  ano  far  enough  from  the  target  so  that  the  scattered 
field  is  nearly  planar  over  the  probe  aperture.  The  transmitting  antenna,  target,  and  receiving 
antenna  subtend  the  bistatic  angle,  G. 

A  typical  measurement  is  made  by  fixing  the  transmitter  and  target  and  moving  the  receiving 
antenna  along  the  circular  path  in  0,  recording  the  amouiude  and  phase  of  the  voltage  at  the 
terminal  of  the  receiving  antenna  relative  to  a  sample  of  the  stable,  coherent  narrow-band, 
continuous-wave  transmitted  signal,  at  regular  bistatic  angle  intervals.  The  recorded  voltages  are 
proportional  to  the  component  of  the  total  electric  field  aligned  with  the  polarization  of  the 
receiving  antenna.  The  total  electric  field  component  polarized  with  the  receiving  antenna  E,  can 
be  written  as  the  phasor  sum  of  the  three  terms:  background  field  Eb,  true  target  scattered  field 
Es.  and  multiple  interaction  field  Em.  Symbolically  the  total  field  is: 


E‘  Eb+Es+Em-  (!) 

The  background  field  is  made  up  of  the  incident  field  plus  the  scattered  field  that  exists 
when  the  target  is  not  present.  This  component  is  dominated  by  the  incident  field,  especially  in 
the  forward  scattering  region.  The  multiple  interaction  field  contributes  to  the  total  field  through 
multiple  interactions  of  the  target  with  its  surroundings.  This  component  depends  on  the 
scatterer  and  typically  can  be  made  negligible  by  using  radar  absorbing  materials  (RAM)  and 
target  support  structures  with  low  dielectric  constant.  For  the  rest  of  this  report  we  assume  Em  is 
negligible.  The  target  scattered  field  is  the  quantity  of  interest  to  be  extracted  from  the  total  field. 
An  experimental  determination  of  the  true  target  scattered  field  can  be  made  by  measuring  the 
total  field  with  the  target  removed  (the  background)  and  the  total  field  with  the  target  in  place, 
and  subtracting  the  two  data  sets.  We  assume  that  the  incident  field  and  the  target  surroundings 
are  the  same  for  the  two  measurements.  The  accuracy  of  the  resulting  target  scattered  field  will 
depend  on  how  precisely  the  spatial  sampling  with  the  target  in  place  was  repeated  in  the 
background  measurement.  If  at  any  bistatic  angle  the  measurement  system  behaves  differently 
during  the  background  measurement  than  during  the  measurement  of  the  total  field  with  the 
target  in  place,  subtracting  the  two  data  sets  will  result  in  a  measured  target  scattered  field 
differing  from  the  true  scattered  field  of  the  target.  The  formulation  used  here  assumes  that  the 
target  scattered  field  varies  much  more  slowly  in  phase  than  the  background  field,  otherwise  the 

■Chu.  L.  J.  (1948),  Physical  Limitations  of  Omni-Directional  Antennas  Journal  of  Applied 
Physics.  19:1 163-1 175,  December  1948. 
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Figure  1 .  Geometry  of  the  Automated  Swept-Angle  Bistatic  Scattering  Measurement  System. 


positioning  error  could  significantly  affect  the  target  scattered  field.  This  assumption  allows  us  to 
treat  the  measured  total  field  as  the  true  total  field  and  to  place  all  the  measurement  error  in  the 
background  field.  In  Appendix  A  we  show  that  a  typical  target  scattered  field  necessarily  varies 
more  slowly  than  the  phase  variation  of  the  background  field. 

Two  major  sources  of  error  account  for  the  inaccuracies  in  the  sampled  background  field: 
receiver  amplitude  and  phase  error,  and  antenna  positioning  error.  The  receiver  accuracy  is 
specified  by  the  manufacturer.  For  example,  under  typical  measurement  conditions,  the  receiver 
(Scientific  Atlanta  (SA)  model- 1783)  used  in  Rome  Air  Development  Center's  (RADC)  RCS 
measurement  system  is  rated  to  give  amplitude  data  accurate  to  within  0.05  dB  per  10  dB 
separation  from  the  reference  RF-power  level  and  relative  phase  data  accurate  to  within  0.4 
degree  per  10  dB  separation  from  the  reference  RF-power  level.  The  accuracy  specifications  of  the 
receiver  determines  the  highest  accuracy  achievable  for  the  measurement  system.  In  practice, 
the  RADC/EECT  system  provides  a  maximum  accuracy  of  99.3  percent  for  the  measured 
scattered  field  amplitude  of  a  typical  scatterer  in  the  forward  scattering  region.  The  positioning 
mechanism  is  responsible  for  three  related  spatial  sampling  errors:  the  rotating  positioner, 
sampling  integration,  and  the  transmitting  antenna  mount.  First,  the  rotating  positioner's  rated 
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error  is  a  significant  source  of  phase  measurement  errors.  The  RADC/EECT  positioner  (SA 
model- 1562)  is  capable  of  repeatedly  positioning  the  rotating  antenna  (transmitting  antenna  in 
our  measurements)  to  within  0.03  degree  of  any  given  angle.  This  accuracy  specification 
translates  to  a  spatial  deviation  of  0.03ni/ 180  at  a  distance  r  units  from  the  center  of  rotation  of 
the  positioner.  The  fixed  receiving  probe  is  located  about  3.5  meters  from  the  center  of  the 
positioner  which  means  that  a  positioning  error  of  as  much  as  0.2  cm  is  possible.  At  X-band,  0.2 
cm  is  7  percent  of  a  wavelength  or  about  25  degrees.  This  may  be  a  significant  phase  error,  as  we 
show  in  Section  3.  Second,  there  are  sources  of  error  in  the  sampling  integration  interval. 
Because  the  receiving  probe  moves  at  a  constant  angular  velocity  (as  viewed  from  the  rotating 
target-transmitting-antenna  boom)  during  an  entire  data  collection  run,  each  field  sample  is 
really  an  integration  of  the  field  over  the  interval  that  the  receiving  antenna  moves  (window)  in  the 
time  it  takes  the  receiver  to  take  one  sample.  For  the  RADC/EECT  system,  the  integration 
window  is  typically  0.1  degree,  which  leads  to  a  negligible  error,  since  the  fields  vary  slowly  (<  1 .0 
dB/degree)  in  amplitude  and  are  nearly  constant  in  phase.  Third,  vibrations  and  shifts  of  the 
transmitting  antenna  may  lead  to  phase  measurement  errors.  In  the  RADC/EECT  system  (see 
Figure  2)  the  receiving  antenna  is  fastened  to  the  wall  of  an  anechoic  chamber,  while  the 


Figure  2.  Inside  the  Anechoic  Chamber  of  the  RADC  Automated  Swept- Angle  Bistatic  Scattering 
Measurement  System. 
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transmitting  antenna  is  fastened  to  the  end  of  a  trussed  wooden  boom,  with  the  other  end  bolted 
to  the  azimuth  positioner.  The  target  transmitting  antenna  assembly  rotates  at  a  constant 
angular  velocity  during  a  typical  measurement.  The  transmitting  antenna,  located  at  the  end  of 
the  long  (3m)  boom,  may  vibrate  and  shift  slightly  when  it  is  accelerated  up  to  speed  at  the  start 
of  each  measurement.  This  source  of  sampling  error  has  been  estimated  at  0.32  cm  maximum, 
tangent  to  the  measuring  circle,  or  0.6  degree  in  bistatic  angle.  This  may  cause  a  phase  error  of 
up  to  35  degrees  at  X-band. 


3.  EFFECTS  OF  SAMPLING  ERRORS  ON  THE  MEASURED  SCATTERED  FIELD 

As  explained  in  Section  2.  the  measured  scattered  field  of  the  target  is  extracted  from  the 
measured  total  field  by  subtracting  two  data  sets,  one  collected  with  the  target  present  [measured 
total  field.  E,(0).  which  is  taken  as  the  true  total  field)  and  the  other  collected  without  the  target 
[measured  background  field,  E'b  (0).  which  may  contain  errors).  In  this  section  we  discuss  the 
effect  of  the  inaccuracies  in  the  measurement  of  the  background  field  on  the  measurement  of  the 
scattered  field.  E'(0). 

Neglecting  target-surrounding  interactions  (Em  — >  0)  we  can  write  the  measured  total  field  as 
the  phasor  sum  of  the  true  target  scattered  field  and  the  true  background  field  [note  Eq.  (1)1. 


E,(0)  =  Es(0)  +  Eb(0). 


(2) 


To  understand  how  sampling  errors  affect  the  measured  scattered  field,  we  assume  that  the 
measured  background  field  is  related  to  the  true  background  component  of  the  measured  total 
field  by: 

E'b(0)  =  Eb(0)e(0). 


where  e  is  a  phasor  quantity  representing  a  perturbation  that  might  be  caused  by  sampling 
errors.  The  measured  scattered  field  of  the  target  is  given  by 


E;(0)  =  E,(0)-E;,(0).  (4 

Substituting  the  expressions  for  Et(0)  and  E't,(0)  from  Eq.  (2)  and  (3)  into  Eq.  (4).  we  obtain  an 
expression  for  the  measured  scattered  field  in  terms  of  the  perturbation  phasor: 


E;(0)  =  Es(0)+Eb(0)(l-«(0)). 


(5) 


We  define  the  phasor  error  U(0)  as  the  difference  between  the  measured  and  the  true 
scattered-fields  divided  by  the  true  scattered  field.  Expressed  mathematically  we  have. 
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e;(6)  -  Es(e) 

Es(6) 


(6) 


Replacing  the  measured  scattered  field  in  Eq.  (6)  with  its  equivalent  found  in  Eq.  (5),  we  find 
the  error  to  be 


-(«)].  <7> 


Equation  (7)  shows  that  the  error9  in  the  measured  scattered  field  is  proportional  to  the 
relative  amplitudes  of  the  measured  background  field  and  the  true  scattered  field  of  the  target. 
This  suggests  the  expected  result  that  larger  sampling  errors  can  be  tolerated  in  regions  of  high 
target  scattered  fields  relative  to  the  background  field.  Figure  3  shows  the  error  in  the  measured 
scattered  field  (U)  versus  phase  error  in  the  background  field  for  a  constant  background 
amplitude  error  of  25  percent.  The  error  is  plotted  for  five  different  baekground-to-scattered-field 


Phase  Error  In  Background-Field  (deg) 


Figure  3.  Error  (U)  in  the  Measured  Scattered  Field  Versus  Phase  Error  in  the  Background  Field 
for  5  Different  Background  to  True-Scattered -Field  Ratios.  A  constant  background  amplitude 
error  of  25%  is  assumed. 

9Blaeksmith,  P.,  Hiatt,  R.  E.,  and  Mack,  R.  B.,  “Introduction  to  Radar  Cross-Section 
Measurements."  Proceedings  of  the  IEEE,  Vol.  53.  No.  8.  pp.  901-920,  August  1965. 
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ratios.  From  the  curves  we  can  see  that  a  small  phase  error  can  cause  an  appreciable  error  in 
the  measured  scattered  field.  For  example,  a  phase  error  of  25  degrees  causes  a  280  percent 
error  in  the  scattered  field  in  regions  where  the  background  is  five  times  higher  (that  is,  7  dB 
greater)  than  the  true  scattered  field  of  the  target. 

We  investigate  the  error  further  with  an  example.  For  this  example,  a  y-polarized.  z-directed 
CW  plane-wave  illuminates  an  aluminum  cube  with  a  side  length  of  1.5X.  The  receiving  probe  is 
moved  in  the  0  =  90°  plane  (E-plane)  along  a  circular  arc  centered  at  the  origin,  and  the  directed 
component  of  the  total  electric  field  (Et)  is  recorded  at  every  0.2°  over  the  interval  0°  <  8  <  180°. 
The  cube  is  then  removed  from  the  anechoic  chamber  and  the  measurement  repeated,  this  time 
recording  the  background  field  E'b.  Amplitude*  and  phase  plots  of  E,  and  E'b  are  shown  in  Figure 
4.  The  amplitude  plots  [Figure  4(a))  show  that  the  total  field  and  the  background  field  approach 


•The  amplitude  plots  are  not  strictly  the  amplitude  of  the  electric  field,  but  are  the  square 
root  of  the  radar  cross  section  (RCS)  and  have  units  of  meters.  The  plotted  values  are 
proportional  to  the  electric  field  aligned  with  the  receiver  polarization.  For  the  remainder  of  this 
report  the  plotted  values  referred  to  as  the  amplitude  of  the  electric  field  are  v'RCS  in  meters. 
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Figure  4(a).  Total  Field  with  Aluminum  Cube  (side  length  =  1.5X)  Present  and  Background  Field. 
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the  same  Intensity  level  as  the  bistatic  angle  increases  toward  forward  scatter.  This  is  Jhat  we 
expect  because  in  the  forward  scattering  region  the  main  beam  of  the  receiving  probe  Xerlaps  the 
main  beam  of  the  transmitting  antenna  and  significantly  increases  the  antenna-anterifia 
coupling.  The  graph  shows  that  this  direct  coupling  dominates  the  total  field  in  the  forward 
scattering  region.  The  phase  plots  [Figures  4(b)  and  4(c)]  also  show  that  the  forward  Jbattering 
region  is  dominated  by  the  direct  coupling  field.  For  observation  angles  less  than  abc*t  100 
degrees,  the  phase  of  the  total  field  [target  present.  Figure  4(b)]  varies  slowly  as  one^ould  expect 
(see  Appendix  A).  As  the  observation  angle  increases  past  100  degrees  the  phase  sJddenly  begins 
to  vary  much  faster  (this  is  where  the  direct  coupling  component  becomes  dominant)  and  then 
the  variation  slows  near  forward  scatter.  The  phase  of  the  background  field  [Figure  4(c)]  changes 
rapidly  throughout  the  observation  sector,  but  in  the  forward  scattering  region  it  has  the  same 
behavior  as  the  phase  of  the  total  field.  The  variation  in  the  rate  of  change  of  the  phase  with 


Bistatic  Angle,  6  (deg) 

Figure  4(b).  Phase  of  the  Total  Field  (Et)  with  Target  Present. 


8 


Bistatic  Angle,  6  (deg) 


Figure  4(c).  Phase  of  the  Background  Field  (EJ  (Target  not  present). 


observation  angle  is  completely  consistent  with  what  one  calculates  for  the  rate  of  change  of 
phase  due  to  the  changes  in  direct  coupling  path  length.  Figure  5(a)  shows  the  antenna-antenna 
coupling  path  length  (solid  line)  as  a  function  of  observation  angle,  and  the  rate  of  change  in  the 
path  length  (dashed  line)  with  observation  angle.  The  phase  due  to  path  length  changes  is  plotted 
in  Figure  5(b).  In  the  forward  scattering  region  (0  >  120°)  the  computed  phase  curve  matches  the 
measured  curves  for  both  the  total  and  the  background  fields. 
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Path  Length,  £  (cm)  and  dii/do 


Figure  5(a).  Direct  Coupling  Path  Length  and  its  First  Derivative  with  Respect  to  Bistatic  Angle. 
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Bistatic  Angle,  9  (deg) 

Figure  5(b).  Phase  of  Direct  Coupling  Path  Normalized  to  the  Measured  Background  Phase  at 
Forward  Scatter  (0  =  180°)  for  the  X-Band  Wavelength  of  2.667  Centimeters. 


The  measured  scattered  field  E^(0)  that  results  from  subtracting  the  background  field  from 
the  total  field  is  shown  in  Figure  6.  For  observation  angles  less  than  10  degrees,  the  transmitting 
antenna  shadowed  the  receiving  antenna,  causing  the  sharp  rise  in  amplitude  and  erratic 
behavior  in  phase.  This  part  of  the  measured  scattered  field  should  be  disregarded.  We  notice 
that  for  observation  angles  between  10  and  120  degrees,  both  the  amplitude  and  phase  of  the 
measured  scattered  field  arc  very  smooth  and  slowly  varying.  For  observation  angles  greater  than 
120  degrees  the  gross  behavior  of  both  curves  is  slowly  varying,  but  there  is  also  a  rapidly  varying 
component  riding  on  the  curves.  This  component  is  both  frequency  and  amplitude  modulated, 
beginning  with  faster  variations  at  a  low  level  and  progressing  toward  slower  variations  at  higher 
levels.  This  rapidly  varying  component  is  not  part  of  the  true  target  scattered  field  but  is  an  error 
caused  in  part  by  receiver  and  positioning  errors. 
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Amplitude  of  Electric  Field,  HE,  («)ll  (meters) 
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Figure  6(a).  Measured  E-Plane  Scattered  Electric  Field  of  an  Aluminum  Cube  with  Side  Length 
1.5X 
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Bistatic  Angle,  9  (deg) 


Figure  6(b).  Measured  E-PIane  Scattered  Electric  Field  of  an  Aluminum  Cube  with  Side  Length 
1.5A. 


According  to  Eq.  (7),  U(0)  is  the  product  of  the  two  factors  Eb/Es  and  (1  -  e(9)).  We  compute 
the  first  factor  by  dividing  the  measured  background  field  E'b  (see  Figure  4)  by  the  true  scattered 
field  Es.  shown  in  Figure  7,  computed  using  a  uniform  high-frequency  diffraction  solution.2  A 
graph  of  this  factor  is  shown  in  Figure  8.  The  graph  exhibits  the  expected  behavior,  low  in  the 
back-scattering  region  and  high  in  the  forward  scattering  region.  The  sharp  rise  and  fall  occurring 
around  0  =  135  degrees  is  due  to  a  deep  null  in  the  true  scattered  field  and  is  not  present  in 
general.  The  second  factor  (perturbation  phasor)  e(0)  is  estimated  by  dividing  two  background 
field  data  sets.  One  background  field  was  measured  before,  and  the  other  after,  measuring  the 

2Cote  M.  G..  Woodworth  M.  M..  and  Yaghjian  A.D.  (1988).  “Scattering  from  the  Perfectly 
Conducting  Cube,"  IEEE  Transactions  on  Antennas  and  Propagation,  Vol.  AP-36.  No.  9. 
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total  field  with  the  target  present.  The  amplitude  and  phase  plots  of  e  are  given  in  Figure  9.  The 
reader  will  notice  that  in  general  €(8)  is  largest  where  the  measured  background  field  intensity  is 
lowest  Irefer  to  Figure  4(a),  dashed  line].  This  phenomenon  is  consistent  with  receiver 
measurement  error.  The  SA-1783  receiver  rated  amplitude  and  phase  error  for  his  example  in 
the  region  where  he  measured  power  is  lowest  (about  8  =  60°)  are  23  percent  and  6.5  degrees. 
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Figure  7(a).  Amplitude  of  he  True  L-Plane  Scattered  Electric  Field  of  an  Aluminum  Cube  with 
Side  Length  1.5X  as  Computed  Using  a  Uniform  High-Frequency  Diffraction  Solution.2 
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Phase  of  Electric  Field,  .  Es  (0)  (deg) 


Figure  7(b).  Phase  of  the  True  E-Plane  Scattered  Electric  Field  of  an  Aluminum  Cube  with  Side 
Length  1.5X  as  Computed  Using  a  Uniform  High-Frequency  Diffraction  Solution.2 
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Figure  8(a).  Amplitude  of  the  Background  Field  Relative  to  the  True  Scattered  Field  of  an 
Aluminum  Cube  (Side  Length  =  1 .5>J  for  Broadside  Plane-Wave  Incidence. 
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Figure  8(b).  Phase  Difference  Between  the  Measured  Background  Field  and  the  True  Scattered 
Field  of  an  Aluminum  Cube  (Side  Length  =  1.5X)  for  broadside  plane-wave  incidence. 
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Bistatic  Angle,  9  (deg) 


Figure  9(b).  Phase  of  the  Perturbation  Phasor  Computed  from  Two  Distinct  Background 
Measurements.  This  Gives  the  Phase  Error  Introduced  in  the  Measured  Scattered  Field  when 
Background  Subtraction  is  Performed. 
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respectively.  In  this  region  we  measure  amplitude  change  from  scan  to  scan  of  about  25  percent 
( I  e(0  =  60°)  I  =  1  ±  0.25)  and  a  phase  difference  of  about  10  degrees.  The  additional  3.5  degree 
phase  error  can  be  attributed  to  the  positioning  system.  The  reader  will  notice  that  in  the  forward 
scattering  region  the  amplitude  and  phase  of  e{0)  exhibits  a  frequency  modulated  behavior  that  is 
nearly  identical  to  the  behavior  of  the  measured  scattered  field  [we  stress  that  e(0)  is  derived  from 
measurements  not  linked  to  the  total  field  measurements  with  the  target  present)  which  supports 
the  assumption  that  the  dominant  error  in  the  measured  scattered  field  is  due  to  imperfect 
background  measurements  rather  than  multiple  interactions  or  variations  in  the  true  target 
scattered  field.  The  target  scattered  field  measurement  error  resulting  from  combining  the  two 
data  sets,  E'b/Es  and  e(0),  according  to  Eq.  (7)  is  shown  in  Figure  10(a).  The  error  curve  has  the 
same  shape  envelope  as  the  amplitude  of  the  background- to-scattered  field  ratio  (Figure  8a). 
Figure  10(b)  shows  the  amplitude  of  the  error  computed  directly  (that  is,  subtract  the  measured 
scattered  field  from  the  true  scattered  field  and  divide  the  result  by  the  true  scattered  field). 
Comparing  the  predicted  measurement  error  lerror  due  to  receiver  and  positioning  errors 
shown  in  Figure  10(a))  with  the  actual  measurement  error  [error  computed  directly,  shown 
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Figure  10(a).  Predicted  Error  in  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Cube 
with  Side  Length  1.5X. 
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in  Figure  10(b)]  shows  that  the  true  error  is  generally  higher  than  the  predicted  error  but  that  the 
gross  variations  in  the  forward  scattering  regions  of  both  curves  are  similar.  The  actual  error  is 
larger  than  predicted  near  the  midrange  peaks,  a  result  that  is  not  consistent  with  receiver  and 
positioning  system  errors.  This  means  that  either  there  are  other  unaccounted  contributors  to 
the  error  in  the  measured  scattered  field  or  that  inaccuracies  in  the  high  frequency  diffraction 
solution  used  for  the  true  scattered-field  solution  are  dominating  the  actual  error.  Our  second 
example  indicates  the  latter. 
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Figure  10(b).  Actual  Error  in  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Cube  with 
Side  Length  1.5X. 


We  include  a  second  example,  that  of  scattering  from  an  aluminum  sphere  (18X.  in 
circumference),  which  has  an  exact  solution  for  the  scattered  field,  to  determine  the  reason  for 
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the  discrepancy  that  arose  in  the  cube  example.  Figures  1 1(a)  and  1 1(b)  show  the  predicted  and 
actual  errors  in  the  measured  scattered  field  respectively.  Figures  12(a)  and  12(b)  are  the 
amplitude  and  phase  curves  for  the  true  scattered  field  of  the  sphere  as  computed  using  the  Mie 
series  solution.3  Figures  13(a)  and  13(b)  are  the  measured  scattered  field,  amplitude  and  phase. 
There  is  much  better  agreement  between  the  two  error  curves  (Figure  1 1)  for  the  sphere  example 
than  for  the  cube.  This  suggests  that  for  the  sphere,  the  major  contributors  to  the  error  in  the 
measured  scattered  field  are  indeed  the  receiver  and  positioning  system,  and  that  the  discrepancy 
between  the  predicted  and  actual  errors  for  the  cube  are  caused  by  inaccuracies  in  the  high- 
frequency  diffraction  solution  we  used  for  the  scattered  field  of  the  cube.  Both  examples  show 
that  the  error  varies  more  rapidly  than  the  scattered  field  with  respect  to  bistatic  angle. 


Bistatic  Angle,  9  (deg) 

Figure  1 1  (a).  Predicted  Error  in  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Sphere 
1 8A.  in  Circumference. 

3DiBeneditto,  J.  P.  (1984),  Bistatic  Scattering  From  Conducting  Calibration  Spheres,  RADC- 
TR-84-93.  ADA154173 
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Amplitude  of  Electric  Field,  !lE,(e)ll  (meters) 
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Figure  12(a).  True  E-Plane  Scattered  Field  of  a  Perfectly  Conducting  (PEC)  Sphere  18/.  in 
Circumference  Computed  Using  the  Mie  Series  Solution. 
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Amplitude  of  Electric  Field,  HEa(e)ll  (meters) 


Bistatic  Angle,  6  (deg) 


Figure  13(a).  Amplitude  of  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Sphere  with 
18X  Circumference. 
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Phase  of  Electric  Field,  .  Es  (0)  (deg) 
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Figure  13(b).  Phase  of  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Sphere  with  18A. 
Circumference. 
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4.  SPATIAL  FILTERING 


In  Section  3  we  observed  that  much  of  the  error  in  the  measured  scattered  field  takes  the 
form  of  a  high  frequency  rippling  riding  on  top  of  the  true  scattered  field.  Because  the  data  forms 
a  function  of  observation  angle  that  is  Fourier  transformable,  one  might  consider  removing  the 
error  by  low-pass  filtering  the  data.  Without  a  truncation  criterion,  this  idea  is  flawed  because  for 
general  targets  one  cannot  be  sure  which  frequency  components  are  attributable  to  the  target  and 
which  are  error.  We  require  a  truncation  criterion  that  will  insure  that  the  entire  spectral  content 
of  the  target-scattered-field  is  recovered  after  filtering.  Such  a  truncation  criterion  was  developed 
first  by  L.J.  Chu1  and  later  confirmed  by  Collin  and  Rothchild.4  Chu  found  that  for  ordinary 
antennas  (current  distribution)  totally  contained  within  a  spherical  surface  of  radius  “a,"  the 
quality  factor  Qn  of  any  given  spherical  mode  increases  astronomically  when  the  mode  number  n 
becomes  larger  than  the  wavenumber-radius  product  ka.  This  means  that  outside  of  the  reactive 
region  the  electric  field  produced  by  an  antenna  contains  spherical  modes  of  order  ka  or  less. 

This  physical  band  limit  has  defined  the  sampling  criteria  for  calculating  far  field  antenna 
patterns  from  cylindrical  and  spherical  near-field  measurements.5  A  general  rule  used  by  people 
in  the  near-field  antenna  pattern  measurement  community  is  that  accurate  antenna  far  field 
patterns  are  computed  if  the  near  field  is  sampled  sufficiently  to  recover  spatial  frequencies  of 
1.1  k(a  +  X). 

Specifically,  the  general  solution  to  the  wave  equation  in  spherical  coordinates6  for  the  true 
scattered  field  of  the  target  reduces  to 


Es(0) 


1  lk(a*X) 

X  Bme 

m  =  -l.lk(a 


lm9 


(8) 


in  the  plane  of  measurement  of  our  RADC/EECT  RCS  range,  where  Bm  are  the  Fourier  modal 
coefficients.  We  see  that  in  the  measurement  plane  the  spherical  modes  of  the  scattered  field  are 
just  sines  and  cosines  and  the  field  solution  is  a  band  limited  Fourier  series  with  B,,,  =  0  for 
I  m  I  >  1.  lk(a  +  X).  We  return  to  the  examples  of  the  cube  and  sphere  of  Section  3  to  investigate 
the  practical  aspects  of  the  filtering  scheme. 

The  measured  scattered  field  can  also  be  expanded  formally  into  a  Fourier  series: 


E;(0)=  £  Bme,me. 

m  -  -  oo 


(9) 


where  B^,  is  not  necessarily  band  limited  by  I  m  I  =  1.  lk(a  +  X)  because  E'(0)  includes 
measurement  errors. 

4Collin,  R.  E.  and  Rothschild,  S.  (1963),  Evaluation  of  Antenna  Q  IEEE  Transactions  on 
Antennas  and  Propagation,  AP- 12:23-27,  January  1964. 

SYaghjian  A.D.  (1986),  “An  Overview  of  Near-Field  Antenna  Measurements."  IEEE 
Transactions  on  Antennas  and  Propagation.  Vol.  AP-34.  No.  1,  30^5,  January. 

6Stratton,  J.  A..  (1941),  Electromagnetic  Theory.  McGraw-Hill,  pp.  392-420. 
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Because  the  expansion  functions  are  orthogonal,  the  expansion  modal  coefficients  B„',can  be 
computed  from  the  measurements  by  the  integral 


i  2  n 

Bm=^fE;e-|mNd0.  (10) 

z  o 


The  filtered  measured  scattered  field  E"(0)  is  now  computed  by  summing  the  contributing 
Fourier  expansion  coefficients  according  to  the  bandwidth  of  Eq.  (8)  that  is 


+  l.lk(a  ♦  >.) 

Es(0)=  I  B'„ 

m  =  - 1 . 1  k  ( a  *  a  ) 


►  m0 
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To  insure  the  best  accuracy  this  technique  requires  that  the  scattered  field  be  sampled  over  the 
entire  2 n  radians  at  the  Nyquist  rate  (or  higher)  of  the  measured  scattered  field.  E^(0).  The 
Nyquist  rate  is  greater  than  that  of  the  true  scattered  field,  Es(0).  which  requires  only  2.2k(a  =  X) 
samples/radian.  The  sampling  interval  in  the  example  at  hand  was  0.0035  radian  which  gives  a 
sufficiently  high  sampling  rate  of  286.5  samples  per  radian.  (This  sampling  rate  corresponds  to 
the  highest  sampling  rate  that  the  RADC/EECT  system  can  comfortably  achieve,  and  was  used 
here  so  that  we  could  recover  the  spectrum  of  all  sources  of  the  measured  total  field,  and  thus 
measured  scattered  field  as  accurately  as  possible).  Figures  14(a)  and  14(b)  show  the  spatial 
amplitude  spectrum  of  the  measured  scattered  field  of  the  cube  and  the  true  scattered  field  as 
determined  by  the  high-frequency  diffraction  solution.  We  notice  that  the  measured  scattered 
field  spectrum  has  a  considerably  broader  bandwidth  than  the  true  scattered  field,  whose 
spectrum  dies  rapidly  for  harmonics  larger  than  1.  lk(a  +  X)  (15  in  this  case).  We  can  see  that  the 
measured  scattered  field  spectral  content  outside  of  the  l.lk(a  +  X)  bandwidth  is  in  error  (that  is, 
not  part  of  the  true  target  scattered  field).  Summing  the  measured  scattered  field  spectrum 
according  to  Eq.  (11)  produces  the  filtered  measured  cube  scattered  field,  which  is  graphed  in 
Figures  15(a)  (amplitude)  and  15(b)  (phase)  (compare  to  the  unfiltered  plots  in  Figures  6(a)  and 
6(b)).  A  plot  of  the  actual  error  in  the  filtered  measured  scattered  field  is  given  in  Figure  16. 
Comparing  this  curve  with  the  actual  error  in  the  measured  scattered  field  of  the  cube  before 
filtering  [Figure  10(b)]  shows  that  filtering  smooths  the  error  curve  and  reduces  the  error  in  the 
forward  scattering  region  significantly. 
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Figure  14(a).  Spatial  Spectrum  of  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Cube 
with  Side  Length  1.5X. 
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Figure  15(a).  Amplitude  of  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Cube  with 
Side  Length  1.5X  After  Spatial  Filtering. 
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Figure  16.  Actual  Error  in  the  Filtered  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Cube 
with  Side  Length  1.5X. 
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Figures  17(a)  and  17(b)  show  the  spatial  spectra  of  the  measured,  and  true  scattered  Fields 
for  the  aluminum  sphere.  Figures  18(a)  and  18(b)  show  the  amplitude  and  phase  of  the 
measured  scattered  Field  of  the  sphere  after  filtering  (24  modes  used).  The  actual  error  in  the 
filtered  data  is  plotted  in  Figure  19.  Comparing  this  curve  with  the  error  in  the  unfiltered 
measurements  (Figure  1 1(b)]  shows  again  that  Filtering  smooths  the  curve  and  reduces  the 
forward  scattering  errors. 


Figure  17(a).  Spatial  Spectrum  of  the  Measured  E-Plane  Scattered  Field  of  an  Aluminum  Sphere 
with  18A.  Circumference. 
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Figure  17(b).  Spatial  Spectrum  of  the  True  E-Plane  Scattered  Field  of  a  PEC  Sphere  with  18X 
Circumference. 
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18A.  Circumference  After  Spatial  Filtering. 
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Figure  19.  Actual  Error  in  the  Filtered  Measured  E-Plane  Scattered  Field  of  an  Aluminum 
Sphere  with  18X.  Circumference. 
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5.  EXAMPLES  OF  SPATIAL  FILTERING  APPLIED  TO  THE  MEASUREMENT  OF  BISTATIC 
SCATTERING  FROM  METAL  CUBES 

In  this  section  we  present  further  examples  that  illustrate  an  application  of  spatial  filtering. 
Specifically  we  present  the  measured  unfiltered,  measured  filtered,  and  predicted  E-plane  and 
45°-plane  scattered  fields  from  the  perfectly  conducting  cubes  of  side  lengths  1.5X.  and  3k.  for 
broadside  plane  wave  incidence  The  measured  scattered  fields  were  obtained  using  the 
background  subtraction  technique  described  in  Section  2.  The  E-plane  data  was  collected  by 
effectively*  moving  the  receiving  probe  in  the  0  =  90°  plane  and  recording  the  8  component  of  the 
electric  field.  No  other  component  will  be  excited  so  that  this  data  gives  the  total  scattered  field 
after  background  subtraction.  The  45°-plane  data  was  collected  in  two  measurement  scans. 

First,  the  receiving  probe  was  effectively  moved  in  the  q  =  45°  plane  and  the  0  component  of  the 
electric  field  was  recorded.  Second,  the  receiving  probe  was  again  effectively  moved  in  the  0  =  45° 
plane  but  this  time  the  <!>  component  of  the  electric  field  was  recorded.  The  total  scattered  field  is 
derived  from  the  superposition  of  the  two  data  sets  after  the  backgrounds  were  subtracted. 

In  the  previous  sections  we  presented  the  E-plane  unfiltered  (Figure  6)  and  filtered  (Figure 
15)  scattered  fields  of  a  1.5X  cube  for  broadside  incidence.  In  the  unfiltered  data  we  noted  a  dip 
in  the  backscattering  region  due  to  shadowing  of  the  receiving  antennas  by  the  transmitting 
antenna.  The  filtered  data  was  derived  from  the  straightforward  application  of  the  filtering  to  the 
measured  scattered  field  (refer  to  Section  2).  We  saw  that  the  filtering  reproduced  (low  frequency 
part)  the  shadow  dip  in  the  backscattering  region  of  the  scattered  field  amplitude  (Figure  15(a)!  ■ 
This  shadow-dip  error  was  confined  to  the  backscattering  region  before  filtering,  but  upon 
filtering  this  error  becomes  distributed  throughout  the  scattered  field  through  the  low  frequency 
components  that  make  up  the  error.  To  minimize  the  effect  of  this  known  error  on  the  rest  of  the 
scattered  field,  we  artificially  fit  the  first  5  degrees  of  the  backscattering  lobe  in  the  unfiltered 
scattered  field  to  the  sine  function.  We  use  the  sine  function  because  we  know  from  physical 
optics  that  a  cube-scattered  field  varies  as  sinc[(ks)sin  0]  (s  is  the  cube  side  length)  near 
backscatter.  The  modified  unfiltered  E-plane  RCS  of  the  1.5X  cube  is  shown  in  Figure  20(a). 
Figure  20(b)  shows  the  E-plane  RCS  of  the  same  cube  after  filtering.  The  reader  will  notice  that 
the  filtered  data  is  much  smoother  than  the  unfiltered  data,  especially  in  the  forward  scattering 
region. 

Figures  21(a)  and  21(b)  show  the  45°-plane  unflltered  RCS  (modified  in  the  backscattering 
region)  and  filtered  RCS.  respectively,  for  the  1.5X  cube.  In  this  case  the  high  frequency  rippling 
in  the  forward  scattering  region  makes  the  measured  scattering  pattern  somewhat  ambiguous. 
The  high  frequency  rippling  is  erroneous  but  without  filtering  the  best  representation  of  the 
measured  scattering  pattern  would  be  with  the  ripple  peaks  connected  as  an  upper  bound  and 
the  ripple  troughs  connected  as  a  lower  bound  on  the  data  in  the  forward  scattering  region.  After 
filtering  (Figure  21(b)],  the  measured  scattering  pattern  is  smooth  and  can  be  presented  without 
ambiguity. 

Figure  22  shows  the  measured  filtered  E-plane  and  45°-plane  RCSs  as  a  function  of 
observation  angle  8  plotted  against  two  predictions  of  the  RCS  for  the  1.5X  cube.  The  solid  lines 


*We  write  “effectively  moving  the  receiving  probe"  because  in  the  EECT  system,  the 
transmitting  antenna  and  target  are  moved  and  the  receiving  antenna  is  fixed. 
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Figure  20(b).  Measured  E-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  1.5A.  After  Spatial 
Filtering. 
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Figure  21(a).  Measured  45°-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  1.5A.  Before 
Spatial  Filtering  and  with  the  Backscattering  I,obe  Artificially  Fit  to  the  sin(x)/x  Function. 
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Figure  21(b).  Measured  45°-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  1.5X  After  Spatial 
Filtering. 
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Figure  22.  Scattering  from  Cube  with  Side  Length  1.5X. 


were  computed  from  the  augmented  magnetic  field  integral  equation2  (AMFIE)  solution  and  the 
dashed  lines  were  computed  from  the  high  frequency  diffraction  (HFD)  solution.2  We  note  that 
the  AMFIE  solution  predicts  the  cube  scattering  in  the  45°-plane  more  accurately  than  the  HFD 
solution.  This  is  because  in  the  45°-plane  diffraction  from  the  corners  of  the  cube  dominates  the 
central  portion  of  the  scattered  field  and  the  HFD  neglects  these  contributions.2 

Figures  23  and  24  show  the  measured  E-plane  and  45°-plane  RCS  for  a  cube  with  side 
length  3X.  Figure  23(a)  is  the  measured  E -plane  RCS,  before  filtering.  Figure  23(b)  is  the  E-plane 
RCS  after  filtering.  Figure  24(a)  is  the  45°-plane  RCS  before  filtering  and  Figure  24(b)  is  the  45°- 
plane  RCS  after  filtering.  We  notice  the  smoothing  effect  of  the  filtering.  Figure  25  shows  the 
filtered  measured  RCS  (dotted  lines)  plotted  against  the  AMFIE  (solid  lines)  and  HFD  (dashed 
lines)  predictions  for  this  3X  cube. 


Bistatic  Angle,  d  (deg) 


Figure  23(a).  Measured  E-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  3. OX  Before  Spatial 
Filtering  and  with  the  Backscattering  Lobe  Artificially  Fit  to  the  sin(x)/x  Function. 
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Figure  24(b).  Measured  45°-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  3. OX  After  Spatial 
Filtering. 
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Figure  25.  Scattering  from  Cube  with  Side  Length  3. OX. 
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The  examples  considered  thus  far  in  this  section  have  demonstrated  the  smoothing  effect  of 
the  spatial  filtering.  However,  in  all  these  examples  the  gross  structure  of  the  scattering  pattern 
before  filtering  remained  after  the  filtering.  We  present  a  final  example,  that  of  E- plane  scattering 
from  the  3A.  metal  cube  for  broadside  plane-wave  incidence,  to  demonstrate  that  the  filtering  can 
have  a  dramatic  effect  on  the  raw  measured  scattered  field.  Specifically  this  measured  data 
demonstrates  that  the  filtering  can  reveal  structure  in  the  measured  scattered  field  that  was 
hidden  in  the  unfiltered  measurements.  The  unftltered  RCS  is  shown  in  Figure  26(a).  The 
backscattering  lobe  (0°  <  9  <  20°)  and  part  of  the  forward  scattering  lobe  (175°  <  9  <  180°)  were 
artificially  taken  to  be  constant.  This  was  done  because  data  was  only  collected  over  the 
observation  interval  20°  <  9  <  175°.  We  see  the  familiar  high  frequency  rippling  in  the  forward 
scattering  region.  Around  9  =  90  degrees  we  note  a  low  level  region  with  relatively  large  rippling 
that  gives  little  clue  as  to  the  underlying  structure.  Figure  26(b)  shows  the  3k  cube  E-plane  RCS 
after  filtering  (22  modes  were  used).  Here  we  see  the  high  frequency  rippling  has  been  removed 
but  more  importantly  we  see  two  distinct  lobes  in  the  region  around  9  =  90  degrees.  The  filtering 
has  revealed  information  about  the  measured  scattered  field  that  was  hidden  in  the  raw  data. 
Figure  27  shows  the  filtered  measured  E-plane  scattered  field  of  the  3X  cube  plotted  against  the 
HFD  and  AMFIE  predicted  curves.  Comparing  the  curves  of  Figure  27  we  notice  that  the  two 
lobes  (around  9  =  90  degrees)  do  not  have  the  same  RCS  values  as  the  predicted  curves  but  they 
do  occur  at  the  same  observation  angles.  Thus,  this  measured  data  does  not  show  as  good 
agreement  with  the  predicted  E-plane  RCS  of  the  3k  metal  cube  as  the  previous  measured  data 
(Figure  25).  However,  it  does  show  that  the  filtering  can  have  a  large  effect  on  the  raw 
measurements  and  uncover  information  that  is  hidden  in  phase  errors. 


6.  SUMMARY  AND  CONCLUSIONS 

Automated  swept- angle  CW  bistatic  scattering  measurements  contain  phase  errors  due  to 
the  receiver  and  the  positioning  system.  When  the  background  data  is  subtracted  from  the  total 
field  to  obtain  the  measured  scattered  field,  large  errors  are  introduced  from  the  small  phase 
errors  in  the  raw  measurements.  The  size  of  this  error  is  directly  proportional  to  the  amplitude  of 
the  background  field  relative  to  the  true  scattered  field  of  the  target.  Part  of  the  error  is  manifest 
as  a  high  frequency  rippling  riding  on  top  of  the  measured  scattered  field.  Because 
electromagnetic  energy  scattered  from  targets  is  band  limited  [n  <  1.1  k(a  +  A.)J  with  respect  to 
observation  angle,  the  out-of-band  error  can  be  removed  by  spatial  filtering  without 
compromising  the  integrity  of  the  target  scattered-field. 

In  Section  2  we  described  the  automated  swept-angle  bistatic  scattering  measurement 
procedure.  We  identified  that  the  three  significant  error  sources  ultimately  effecting  the 
measured  scattered  field  are  receiver  amplitude  and  phase  errors,  azimuth  positioning  error  and 
vibrations  and  shifts  of  the  long  boom  supporting  the  transmitting  antenna. 

In  Section  3  we  addressed  how  the  non-perfect  repeatability  of  consecutive  measurement 
scans,  caused  by  the  errors  discussed  in  Section  2,  affects  the  measured  scattered  field.  We 
defined  the  error  in  the  measured  scattered  field  U(9).  We  studied  the  error  by  comparing  a 
predicted  error  curve  and  an  actual  error  curve  for  two  examples.  That  of  scattering  from  an 
aluminum  cube  with  a  side  length  of  1.5A.  for  broadside  incidence,  and  that  of  scattering  from  an 
aluminum  sphere  with  circumference  18X.  The  predicted  error  curves  were  computed  using  the 


51 


Relative  RCS  (dB) 


Figure  26(b).  Measured  E-Plane  RCS  of  an  Aluminum  Cube  with  Side  Length  3.0\  After  Spatial 
Filtering. 
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true  scattered  field  of  the  target  and  two  Independent  background  data  sets.  The  actual  error  was 
computed  directly  using  the  true  scattered  field  of  the  target  and  the  measured  scattered  field.  In 
the  cube  example,  we  saw  that  receiver  and  positioning  errors  were  not  the  only  sources  of  error. 
The  other  sources  were  not  conclusively  identified  but  are  probably  caused  by  errors  in  the  high- 
frequency  diffraction  solution  used  to  compute  the  true  scattered  field  from  the  cube.  In  the 
sphere  example,  the  measured  error  was  consistent  with  receiver  and  positioning  system  sources. 
We  demonstrated  that  part  of  the  error  was  manifest  as  a  high  frequency  variation  riding  on  top 
of  the  true  scattered  field,  and  that  the  error  was  worse  in  the  forward  scattering  region. 

In  Section  4  we  described  the  spatial  filtering  technique.  We  showed  how  the  natural  band 
limit  of  the  target  scattered  field  could  be  used  effectively  to  remove  the  high  frequency  error  in 
the  target  measured  scattered  field. 

In  Section  5  we  presented  a  number  of  examples  to  demonstrate  the  filtering  technique.  One 
example,  that  of  E-plane  scattering  of  a  conducting  cube  with  side  length  of  1.5A.  for  broadside 
incidence,  showed  that  in  addition  to  smoothing,  the  spatial  filtering  could  reveal  information  in 
measured  scattering  patterns  that  was  hidden  in  the  raw  measurements.  In  all  examples,  the 
filtering  significantly  smoothed  the  high  frequency  errors  in  the  measured  scattering  patterns. 
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Appendix  A: 

Discussion  of  the  General  Behavior  of  Scattering  From  Targets  of  Finite  Size 

L.  J.  Chu1  showed  that  current  distributions  (antennas,  targets)  produce  scattered  far  fields 
that  are  spatial  frequency  band  limited  and  that  the  band  limit  is  governed  by  the  target  size. 
Specifically  the  true  scattered  field  of  a  target  that  can  fit  into  a  minimum  sphere7  of  radius  “a." 
will  have  a  spatial  frequency  components  no  larger  than  l.lk(a  +  A.).  In  practice,  the  measured 
scattered  field  may  well  contain  frequencies  larger  than  1.1  k(a  +  A.).  This  is  because  the 
measured  scattered  field  is  derived  from  the  subtraction  of  two  sets  of  imperfect  measurements, 
the  background  field  and  total  field  with  target  present,  both  of  which  are  produced  from  currents 
that  are  far  from  the  center  of  the  measurement  system  and  thus  the  radius  of  the  minimum 
sphere  is  quite  large.  For  example,  in  the  swept-angle  bistatic  measurements  (see  Section  2) 
there  are  currents  set  up  on  the  anechoic  chamber  wall,  the  transmitting  antenna,  and  the 
positioning  apparatus.  The  minimum  sphere  for  these  measurements  is  large  enough  to  contain 
the  entire  anechoic  chamber.  The  major  contributions  to  the  measured  fields,  however,  will  be 
from  the  target  and  the  transmitting  antenna.  Thus,  the  total  and  background  fields  will,  in 
general,  have  spatial  frequency  bandwidths  of  1.  lk(a  +  X)  where  a  is  the  distance  from  the  center 
of  the  probe  coordinate  system  (usually  where  the  target  is  placed)  to  the  transmitting  antenna. 

The  physics  tells  us  that  the  total  and  background  fields  can  contain  higher  frequency 
components  than  the  target  scattered  field,  it  does  not  guarantee  that  they  will  contain  them.  We 
would  however,  expect  that  the  total  and  background  fields  would  vary  much  more  rapidly  than 
the  target  scattered  field  does,  because  the  direct  coupling  path  length  (and  thus  the  phase). 

7Hansen,  J.  E.  (1988),  Spherical  Near-Field  Antenna  Measurements,  Peter  Peregrinus  Ltd., 
London.  United  Kingdom. 


which  is  present  in  both  the  total  and  background  fields,  changes  very  rapidly  with  observation 
angle. 

Figures  A1  through  A3  present  three  examples  of  the  measured  background  fields  and  target 
scattered  fields  to  illustrate  that  the  spatial  frequency  content  is  much  greater  for  the  background 
fields  than  for  target  scattered  fields.  Each  example  is  a  collection  of  five  (5)  pages  with  each  page 
containing  the  following  information: 

Page  1)  Measurement  parameters,  geometry,  and  target  description. 

Page  2)  Measured  background  field  (target  not  present),  amplitude  [top  graph),  and  phase 
[bottom  graph). 

Page  3)  Measured  total  field  (target  present),  amplitude  [top  graph),  and  phase  [bottom 
graph). 

Page  4)  Measured  target  scattered  field  (background  field  subtracted  from  the  total  field) . 
amplitude  (top  graph),  and  phase  [bottom  graph). 

Page  5)  Spatial  spectra  of  the  measured  background  field  [top  graph),  measured  total  field 
[middle  graphl,  and  measured  target  scattered  field  [bottom  graph). 

When  comparing  the  curves  of  each  example  one  should  note  the  contrast  between  the  phase 
cui  /es  in  the  backscattering  regions  of  the  background  and  total  fields.  For  the  examples 
presented  the  target  scattered  fields  dominate  the  backscattering  region  of  the  total  field  so  that 
the  phase  variations  in  this  region  are  due  to  the  target  scattered  field  component  of  the  total 
fields.  Since  the  total  field  phase  curves  vary  much  more  slowly  than  the  phase  curves  of  the 
background  field  in  the  backscattering  region,  we  can  infer  that  the  phase  of  the  target  scattered 
fields  vary  much  more  slowly  than  the  phase  of  the  background  fields. 
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TARGET 

DESCRIPTION 

Name 

;  . 7  5 A  Cube 

Size 

:  s  =  2.0  cm 

Material 

:  Aluminum 

Physical 

Band  Limit  - 

1 . Ik (a+A ) 

:  10.37 

a  = 

5 

~2  -  1 . 0  cm 

MEASUREMENT  PARAMETERS 

Frequency  : 

11.242  GHz 

Polarization  - 

Receive 

A 

Horizontal  (8) 

Transmit 

A 

Horizontal  (x) 

Incidence  : 

Broadside  to  face 

cut 

E-plane 

Figure  Al(a).  Geometry,  and  Measurement  Parameters  for  E-Plane  Scattering  from  an  Aluminum 
Cube  with  a  Side  Length  of  0.75A.  /Example  l  page  1/ 
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Relative  Phase  of  Electlrc  Field  (deg)  Relative  RCS  (dB) 


Figure  A  1(d).  Measured  Scattered  Field  (Amplitude  and  Phase)  of  an  Aluminum  Cube  with  Side 
Length  0.75a..  [Example  J  page  4] 
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TARGET  DESCRIPTION 


MEASUREMENT  PARAMETERS 


Name 

Size 

Material 
Physical 
1. lk(a+A) 
a  = 


:  5 A  Cube 

:  s  =  15.24  cm 
;  Aluminum 
Band  Limit  - 
;  24.19 
~  =  7.62  cm 


Frequency  :  9.8356  GHz 

Polarization  - 
Receive  :  Horizontal  ( 

A 

Transmit  :  Horizontal  (x) 

Incidence  :  Broadside  to  face 

cut  :  E-plane 


Figure  A2(a).  Geometry,  and  Measurement  Parameters  for  E-Plane  Scattering  From  an 
Aluminum  Cube  with  a  Side  Length  of  5.0A.  / Example  2  page  1] 


<<D 


5.0X  Cube.  [Example  2  page  3] 
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TARGET  DESCRIPTION  MEASUREMENT  PARAMETERS 


Name  18a  sphere  Frequency  :  11.242  GHz 

Size  :  a  =  7.62  cm  Polarization  - 

A 

Material  :  Aluminum  Receive  :  Vertical  ( <p ) 

A 

Physical  Band  Limit  -  Transmit  :  Vertical  (y) 

l.lk(a+A).-  26.63  Incidence  :  Along  -z  axis 

a  =  radius  =  7.62  cm  cut  ;  H-plane 


Figure  A3(a).  Geometry,  and  Measurement  Parameters  for  H-Plane  Scattering  From  an 
Aluminum  Sphere  17.95A  in  Circumference.  [Example  3  page  11 
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Relative  Phase  of  Electirc  Field  (deg 


Figure  A3(b).  Measured  Background  Field  (Amplitude  and  Phase)  Associated  with  Scattering 
From  a  17. 95X  Sphere.  (Example  3  page  2j 
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Appendix  B: 

A  Demonstration  of  the  Physical  Band  Limit  of  a  General  Target 

Consider  two  point  sources,  located,  one  at  each  end  of  a  diameter  of  an  imaginary  sphere  of 
radius  a  centered  at  the  origin.  We  compute  a  scalar  radiated  far  field,  E(0),  as  a  function  of 
observation  angle.  0. 


E(9)  = 


e-lkq  e-‘k»7 

-  -+•  -  , 

4rtr,  4rcr2 


(B- 1) 


where  k  is  the  free  space  wave  number,  and  r,  and  r2  are  the  distances  from  the  point  sources  to 
the  far-field  point.  If  we  reference  the  phase  to  the  origin  we  can  rewrite  Eq.  (Bl)  as 


E(0)  = 


^-Ikl  r  -  a  stnH| 

4  7t(  r  —  a  sinG) 


+ 


^-ikl  r  +  asln<)) 

4n(r  -asin0) 


Because  r  »  a  we  can  further  reduce  the  expression  to 


>  -ikr 


EI0)  = 


4rcr 


^♦IkasinB  ^^-fkasln 


9 


(B-2) 
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where  Ai  is  the  Airy  function.8  We  want  to  learn  the  behavior  of  Jn(ka)  when  ka  is  fixed.  In  order 
for  ka  to  remain  constant  while  n  increases,  z  must  vary  according  to  the  relation 


z 


ka  -  n 


i 


(B-6) 


As  n  becomes  large  z  becomes  a  large  negative  number.  The  Airy  function  approaches  zero 
quickly  for  arguments  larger  than  about  3.  This  means  that  Jn(ka)  will  become  very  small  for  n  > 
ka  provided  -23 z  >  3.  or  z  <  -3/23.  We  let  z  =  -  3  and  ask  what  value  of  n  is  needed  to  insure  that 
Jn(ka)  is  insignificant  compared  to  (2/n)3.  Table  B1  lists  the  ka  value  for  various  values  of  n 
(z  =  -3)  and  the  derivative*  of  n  with  respect  to  ka  obtained  by  differentiating  Eq.  (B6)  with  z  =  -3. 
The  derivative  of  n  with  respect  to  ka  gives  a  truncation  criterion.  For  example,  a  target  of  ka  = 
34.33  will  not  have  significant  frequency  contribution  above  n  =  ka  x  1.086  or  45  modes.  We  can 
see  from  the  table  that  th**  truncation  criterion  varies  with  ka  value.  The  larger  the  ka 
percentage-wise  the  fewer  the  modes  above  ka  required.  This  makes  sense  because  the  reactive 
region  of  a  target  extends  a  greater  proportioned  distance  for  a  smaller  target,  and  as  we  saw  in 
Section  4  it  is  the  reactive  region  that  defines  the  spatial  frequency  band  limit  of  an  object.  Thus, 
we  have  demonstrated  the  existence  of  the  truncation  criterion. 

•For  fixed  ka,  n  increasing  past  dn/dka  requires  z  <  -3  which  means  the  Airy  function  factor 
will  become  smaller. 

8Abramowitz,  M.,  and  Stegun,  I..  (1970),  Handbook  of  Mathematical  Functions  With  Formulas. 
Graphs,  and  Mathematical  Tables.  United  States  Department  of  Commerce.  Chapters  9  and  10. 
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Table  Bl.  Truncation  Criterion 


Mode  Number 
(n) 

ka 

d(n)/d(ka) 

10.000000 

3.536696 

1.274605 

15.000000 

7.601364 

1.196765 

20.000000 

11.856747 

1.157034 

25.00000 

16.227947 

1.132452 

30.000000 

20.678303 

1.115542 

35.000000 

25.186802 

1.103094 

40.000000 

29.740145 

1 .093492 

45.000000 

34.329319 

1.085826 

50.000000 

38.947906 

1.079541 

55.000000 

43.591 145 

1.074281 

60.000000 

48.255398 

1 .069802 

65.000000 

52.937824 

1 .065936 

70.000000 

57.636143 

1 .062559 

75.000000 

62.348511 

1.059579 

80.000000 

67.073395 

1.056927 

85.000000 

71.809509 

1.054549 

90.000000 

76.555786 

1.052403 

95.000000 

81.311295 

1.050454 

100.000000 

86.075233 

1.048675 
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MISSION 


°f 

Rome  Air  Development  Center 


RADC  plans  and  executes  research,  development,  test  and 
selected  acquisition  programs  in  support  of  Command,  Control, 
Communications  and  Intelligence  (CSI)  activities.  Technical  and 
engineering  support  within  areas  of  competence  is  provided  to 
ESD  Program  Offices  (POs)  and  other  ESD  elements  to 
perform  effective  acquisition  of  C9I  systems.  The  areas  of 
technical  competence  include  communications,  command  and 
control,  battle  management  information  processing,  surveillance 
sensors,  intelligence  data  collection  and  handling,  solid  state 
sciences,  electromagnetics,  and  propagation,  and  electronic 
reliability /maintainability  and  compatibility. 


